Introduction
Tourmalines are complex borosilicates, and their crystal structure and crystal chemistry have been extensively studied (e.g., Foit 1989; Ertl et al. 2002; Hawthorne and Henry 1999; Bosi et al. 2010; Lussier et al. 2011; Filip et al. 2012; Cempírek et al. 2013 ). In accordance with Henry et al. (2011) , the general formula of tourmaline may be written as: XY 3 Z 6 T 6 O 18 (BO 3 ) 3 V 3 W, [9] X = Na . Vibrational transitions in the (OH)-stretching region have been presented for tourmaline in a number of studies (e.g., Gonzalez-Carreño et al. 1988; Castañeda et al. 2000; Hoang et al. 2011; Fantini et al. 2014 ). For elbaite, presented a unifying assignment model for observed (OH) stretching bands using a combination of long-range information (based on diffraction techniques) and short-range information (based on spectroscopic techniques).
In this paper, we use a similar approach to explore the infrared (IR) and Raman spectra in the wavenumber region 3,000-4,000 cm −1 of six single crystals of oxy-tourmalines belonging to the solid solution system 1 3 oxy-dravite-chromo-alumino-povondraite-oxy-chromiumdravite and present a model to link the vibrational bands to stable short-range arrangements supported by bond-valence constraints.
Samples
The samples used in this study (T89104, Tmt6b, PR85v, Tm1p43e, PR107 and PR108) are macroscopically emerald green and come from metaquartzites in the Pereval marble quarry, Sludyanka crystalline complex, Southern Baikal region, Russia. At this locality (see Bosi et al. 2012a for a more detailed description), Cr-V-bearing metamorphic rocks are associated with Cr-V-bearing diopside and tremolite, escolaite, uvarovite, chromite, V-bearing titanite, pyrite, barite and calcite together with euhedral and subhedral crystals of tourmaline. The host-rock consists of a lens (10-15 cm thickness) of greenish-gray medium-grained quartzite within the marbles of the Pereval quarry. The crystals are euhedral, reaching up to 0.3 mm in length, and are often chemically zoned. However, homogeneous crystals also occur and were selected for the present study.
Four of the six studied oxy-tourmalines (samples Tmt6b, PR85v, Tm1p43e and PR107) have previously been structurally and chemically characterized by means of X-ray single-crystal diffraction, electron microprobe analysis (EMPA) and Mössbauer spectroscopy. Moreover, samples PR85v and PR107 were also characterized by means of IR and optical absorption spectroscopy Reznitskii et al. 2014) . The obtained structural and chemical information revealed a chemical composition corresponding to the chromo-alumino-povondraite species with a variation predominantly in the Al and Cr contents. In order to cover the major compositional range characterized by the Cr for Al substitution, an oxy-dravite sample (PR108) and an oxy-chromium-dravite (T89104) were also structurally and chemically characterized. These samples were also characterized by IR and Raman single-crystal spectroscopy (for details, see Table 1 ).
Experimental methods

Single-crystal structural refinement
Two representative crystals of oxy-dravite (sample PR108) and oxy-chromium-dravite (sample T89104) were selected for X-ray diffraction measurements on a Bruker KAPPA APEX-II single-crystal diffractometer, at Sapienza University of Rome (Earth Sciences Department), equipped with a CCD area detector (6.2 × 6.2 cm 2 active detection area, 512 × 512 pixels) and a graphite crystal monochromator, using MoKα radiation from a fine-focus sealed X-ray tube. The sample-todetector distance was 4 cm. A total of 3,265 (for PR108) and 1,469 (for T89104) exposures (step = 0.2°, time/step = 20 s) cover the full reciprocal sphere with a redundancy of about 10 (for PR108) and 5 (for T89104). Final unit-cell parameters were refined with the Bruker AXS SAINT program using reflections with I > 10 σ(I) in the range 5° < 2θ < 70°. The intensity data were processed and corrected for Lorentz, polarization and background effects with the APEX2 software program of Bruker AXS. The data were corrected for absorption using the multi-scan method (SADABS). The absorption correction led to a significant improvement in R int . No violations of R3m symmetry were noted.
Structural refinement was done with the SHELXL-2013 program (Sheldrick 2013) . Starting coordinates were taken from Bosi et al. (2014) . Variable parameters were as follows: scale factor, extinction coefficient, atom coordinates, site-scattering values and atom displacement factors. In detail, the X site was modeled by using the Na scattering factor; the Y site was modeled with Cr and Mg scattering factors; the occupancy of the Z site was modeled with Al scattering factor for sample PR108, and Cr and Mg scattering factors for sample T89104. The T and B sites were modeled, respectively, with Si and B scattering factors and with a fixed occupancy of 1, because refinement with unconstrained occupancies showed no significant deviations from this value. Three full-matrix refinement cycles with isotropic displacement parameters for all atoms were followed by anisotropic cycles until convergence was attained. No significant correlations over a value of 0.7 between the parameters were observed at the end of refinement. Table 2 lists crystal data, data collection information and refinement details; Table 3 gives the fractional atom coordinates and site occupancies; Table 4 gives the displacement parameters; Table 5 gives selected bond distances.
Electron microprobe analysis
Electron microprobe analyses of the crystals used for X-ray diffraction refinement were obtained by wavelength-dispersive spectrometry (WDS mode) with a Cameca SX50 instrument at the "Istituto di Geologia (Pouchou and Pichoir 1991) . The results (Table 6) represent mean values of 10 spot analyses. In accord with the very low concentration of Li in dravitic samples (e.g., Henry et al. 2011 ) and the crystallization environment of the studied sample (i.e., Crbearing metaquartzites), the Li 2 O content was assumed to be insignificant. The elements Mn, Fe, Cu and Zn were below the detection limits (0.03 wt%) in the studied sample.
Single-crystal infrared spectroscopy
Representative crystals of the four tourmaline samples that had not previously been studied were measured by Fourier transform infrared (FTIR) spectroscopy to characterize their (OH) vibrational absorption bands. The spectrometer system consisted of a Bruker Equinox 55 spectrometer in conjunction with a Bio-Rad infrared microscope, using a halogen lamp source, a CaF 2 beam-splitter, a wire-grid polarizer (KRS-5) and an MCT detector. The crystals were oriented by morphology and optical microscopy, mounted on glass plates in thermoplastic resin and polished on two parallel sides, including the c-axis direction. Polarized absorption spectra were then acquired with a resolution of 4 cm −1 in the wavenumber range 2,000-5,000 cm −1 parallel and perpendicular to the crystallographic c-axis direction, using rectangular measurement areas of ca. 50 × 50 μm on the 26-to 50-μm-thick crystals. Sample Tmt6b that was available in slightly larger crystal size was mounted on a 100-μm pin-hole aperture and was measured in the sample compartment of the spectrometer system using the same setup, except for an InSb detector. As typically observed for tourmaline samples, the main (OH) absorption bands polarized parallel the c-axis direction were exceedingly intense, and it was not possible to thin the samples sufficiently to avoid off-scale absorption intensity for the strongest bands. Spectra obtained perpendicular to c-axis direction were analyzed by band fitting using the Jandel PeakFit 4.12 software.
Single-crystal Raman spectroscopy
Raman spectra were recorded on five representative single crystals using a spectroscopic system built at the Department of Earth Sciences, Uppsala University. The key system components include a high-throughput, single-stage imaging spectrometer (HoloSpec f/1.8i, Kaiser Optical Systems, Inc.) equipped with a holographic transmission grating and a thermoelectrically cooled (−60 °C) CCD detector (Newton, Andor Technology, 1,600 × 400 pixels), a diode-pumped laser (Samba by Cobolt AB, 532.42 nm, 150 mW CW) and an optical imaging system (magnification 20×, spatial resolution ~1 μm). Two notch filters (Ondax Inc.) blocked the Rayleigh line. Polarized Raman spectra in parallel and perpendicular c-axis directions (n ε and n ω ) were collected in the back-scattering geometry at a resolution and accuracy of about 2 and 1.5 cm
, respectively. Typical acquisition time varied between 1 and 4 min, applying 15 mW of the laser power on the doubly polished parallel-plate-oriented single crystals.
Results
Determination of atomic proportions
In agreement with the structural refinement results, the boron content was assumed to be stoichiometric in samples PR108 and T89104 (B 3+ = 3.00 apfu). Both the site-scattering results and the bond lengths of B and T are consistent with the B site fully occupied by boron and no amount of B 3+ at the T site (e.g., Hawthorne 1996; Bosi and Lucchesi 2007). The (OH) content can then be calculated by charge balance with the assumption T + Y + Z = 15.00 (e.g., Henry and Dutrow 1996) . The atomic proportions were calculated on this assumption (Table 6 ). The excellent match between the number of electrons per formula unit (epfu) derived from chemical and structural analysis supports this procedure, respectively: 240.6 and 240.0 epfu for sample PR108, 279.3 and 279.4 epfu for sample T89104.
Site populations
The anion site populations in the studied samples follow the general preference suggested for tourmaline (e.g., Grice and Ercit 1993; Henry et al. 2011 . The cation distribution at the T, Y and Z sites was optimized by using a quadratic program to minimize the residuals between calculated and observed data (based on the chemical and structural analysis). Site-scattering values, octahedral and tetrahedral mean bond distances (i.e., 〈Y-O〉, 〈Z-O〉 and 〈T-O〉) were calculated as the linear contribution of each cation multiplied by its ideal bond distance. More details about the ideal distances as well as the optimization procedure may be found in and Lucchesi (2004, 2007) . The robustness of this approach was confirmed by another optimization procedure Table 5 Selected bond distances (Å) for oxy-chromium-dravite (T89104) and oxy-dravite (PR108) Standard uncertainty in parentheses. Transformations relate coordinates to those of Table 3 * Positioned in adjacent unit cell a (y − x, y, z), (Wright et al. 2000) , which led to very similar cation distributions (Table 7 ). The final structural formulae for samples PR108 and T89104 are reported in Table 8 along with those of the previously studied samples Tmt6b, PR85v, Tm1p43e and PR107 for comparison reasons. In accordance with the classification of Henry et al. (2011) and the findings of and Bosi et al. (2012a) , samples PR108 and T89104 can be classified, respectively, as oxy-dravite and oxy-chromium-dravite.
Infrared and Raman spectra
The IR spectra obtained parallel to the c-axis direction of the tourmaline samples are characterized by a strong absorption feature in the 3,450-3,600 cm −1 range (Fig. 1a) , which is truncated due to exceedingly strong absorption, in line with previous studies (e.g., Bosi et al. 2012b; . Weak bands occur in the 3,700-3,800 cm −1 region and are also polarized in the c-axis direction. Although a slight shift in position of the main absorption feature is apparent, any possible fine structures are obscured by the off-scale intensity recorded along the c-axis. However, spectra polarized perpendicular to the c-axis are much less intense and reveal two partly overlapping bands with systematic variation of their absorption intensities (Fig. 1b) . This trend is associated with sample composition, where the band at higher wavenumbers increases with decreasing Cr content. In order to characterize and quantify these intensity shifts, the spectra were fitted with a model using two bands with variable absorption intensities, similar but variable band widths, and with band centers fixed at 3,519 and 3,565 cm −1
. The band centers were initially obtained by unconstrained fits of spectra of the most Al-rich sample (PR108) and the most Cr-rich sample (T89104), which are both dominated by one of these bands. Completely unconstrained fits of all spectra were also tried, but were abandoned because the low band resolution for the spectra of the intermediate compositions caused unsystematic drift of the band centers. The obtained absorption area distributions for the two bands are listed in Table 9 .
For the excitation wavelength, Raman spectra in the (OH)-region are characterized by a strong red fluorescence decreasing the signal-to-noise ratio. This precluded spectral acquisitions for sample with the highest Al content (PR108) for which the effect was most pronounced. Raman spectra obtained for electric field (E) direction parallel to the c-axis (E//c) are shown in Fig. 2 . The overall appearance of spectra as well as their evolution upon varying Al-Cr content resembles that of infrared absorption for the perpendicular configuration (E⊥c) when the above-described two-band fitting model is applied. Positions of bands of the most Cr-rich sample (T89104) were used for all compositions when fitting the Raman spectra. The low quality of the spectrum for the Al-rich sample PR107 (Fig. 2) translated into a larger fitting uncertainty. The absorption area distributions for the two bands are listed in Table 9 . A somewhat lower value of position of the 3,556 cm −1 Raman band, as compared to the corresponding 3,565 cm −1 IR band, likely originates from comparing the spectra of different polarizations, parallel Raman (E//c) versus perpendicular IR (E⊥c), and from the fitting uncertainties. No Raman bands in the (OH)-region were observed for the configuration E⊥c.
Discussion
Crystal chemistry
The six samples used for this study can be referred to the following ideal formulae: Table 7 Cation site populations (apfu), mean atomic numbers and mean bond lengths (Å) for oxy-chromium-dravite (T89104) and oxy-dravite (PR108) Calculated using the ionic radii of Bosi and Lucchesi (2007) apfu atoms per formula unit a Site populations optimized by the procedure of Wright et al. (2000) b They all have the X site dominated by Na (0.68-0.98 apfu) with minor amount of Ca, vacancies and K. The T site is dominated by Si (5.95-5.99 apfu) along with very minor amounts of Al. The O1 site is dominated by O 2− (~0.7 apfu), followed by F (0.1-0.3 apfu) and then by (OH) (up to 0.3 apfu). The main compositional variation is characterized by the substitution of Al for Cr 3+ at both the Y and Z sites (Fig. 3) . In detail, moving from oxy-chromiumdravite to chromo-alumino-povondraite and further to oxy-dravite, . With respect to the ideal formulae, the observed octahedral site populations can chiefly be described by the ideal substitutions that follow:
(1) oxy-chromium-dravite ↔ chromo-alumino-povondraite Z (4Al)↔ Z (4Cr), which can be simplified to
which can be simplified to
Fig. 1 FTIR spectra polarized parallel (a) and perpendicular (b) to the c-axis direction. From top to bottom: sample PR108, PR107, Tm1p43e, PR85v, Tmt6b and T89104. Dotted curves indicate the two fitted bands for the T89104 spectrum. Spectra are vertically offset for clarity The substitution of Al for Cr is accompanied by redistribution of Mg over the Y and Z sites, which can be summarized by the substitutions occurring along the oxy-chromium-dravite-oxy-dravite join:
Short-range arrangements around O1 and O3 Short-range bond-valence requirements around the O1 site in tourmaline (Hawthorne 1996 (Hawthorne , 2002 Bosi 2010 Bosi , 2011 Bosi , 2013 invoke the occurrence of the following possible short-range arrangements for the studied samples:
where (OH,F) correspond to two different O1-site arrangements and R 3+ = Al, Cr and V. As the anion at the O3 site is bonded to one Y and two Z cations, the cations occurring in the local arrangements around O1 should also be involved with the local arrangements around O3. In the studied samples, the O3 site is essentially occupied by (OH), and thus, practically all the Z cations (e.g., Al, Cr, V, Mg) impact on the absorption bands of the infrared and Raman spectra around O3 because they are part of the general local arrangement [
where R is a generalized cation. Moreover, in accord with bond-valence requirements (Hawthorne 1996; Bosi 2011) , the high amounts of R 3+ at the Y and Z sites may determine the occurrence of O 2− at the O3 site, with arrangements of the type [
. If these arrangements occur, they will cause a disorder of (OH) 1− between the O3 and O1 sites via the mechanism (Table 8) , whereas the IR spectrum (Fig. 1a) shows the presence of weak bands at ~3,712-3,762 cm −1
. The amount of disorder of (OH) should, however, be very small since the peaks at wavenumber >3,650 cm −1 are much weaker than those at wavenumber <3,650 cm −1 and, in some samples, amounts of O1 (OH) are already predicted by stoichiometry (Table 8) .
Relation between octahedral site population and vibrational peak area intensity
In line with previous studies (e.g., Gonzalez-Carreño et al. 1988; Bosi et al. 2012b ) and the small O1 (OH) 1− contents observed in the studied samples, it can be anticipated that the weak vibrational bands above 3,650 cm −1 are related to the O1 site and the strong bands below 3,650 cm −1 to the O3 site (Fig. 1) . A strong positive correlation occurs between Al total and the peak area intensity (PAI) in the IR (and Raman) spectra at 3,565 (and 3,556 in Raman) cm −1 (r 2 >0.9) as well as between Cr total and PAI at 3,519 (and 3,520 in Raman) cm −1 (r 2 >0.9), indicating a distinct role of Al and Cr for the cause of these two bands. Consequently, the accommodation of cations at the Y and Z sites is expected to be related to PAI via the substitutions (1), (2) and (3), and in fact, high correlations between the amounts of Mg and Cr at the Y site and PAI are observed, whereas no reliable correlation was observed with Y Al. Compared to the Raman spectra, the IR spectra appear to be of better quality and could also be acquired for all the six samples. Consequently, the IR data will be used to evaluate the relation between site population and vibrational PAI. However, it can be noted that the Raman spectra obtained parallel to the c-axis essentially show the same trend as observed by FTIR spectra obtained perpendicular to the c-axis. Figure 4a displays the positive correlation between Mg at the Y site and PAI at 3,565 cm −1 from oxy-chromiumdravite via chromo-alumino-povondraite to oxy-dravite, indicating that the occurrence of this band is strongly related to a local arrangement involving Mg at the Y site. Moreover, the deviation of the slope of the linear regression (~50) from the ideal value expected for oxy-dravite (=100) may be ascribed to the essentially constant sum of monovalent anions [F + (OH) ] at the O1 site (~0.3 apfu), which represent the dravite and fluor-dravite components. Consequently, However, these absorption bands also show relations with the cations at the Z site, which can be explained by the substitutions (1) and (2). The relation between Cr at Z and PAI at 3,565 cm −1 is displayed in Fig. 5a , indicating that this band first increases from oxy-chromium-dravite to chromo-alumino-povondraite with decreasing 
A corresponding explanation can be given for the relation between Cr at Z and PAI at 3,519 cm −1 (Fig. 5b) . This band decreases from oxychromium-dravite to chromo-alumino-povondraite with decreasing Z Cr according to substitution (1) and then continues to decrease to oxy-dravite but with decreasing Y Cr according to substitution (2). The correlation between Al at Z and PAI at 3,565 cm −1 (Fig. 5c ) can be explained in a similar way. This band increases from oxy-chromiumdravite to chromo-alumino-povondraite with increasing Z Al Mg) according to substitution (2). A corresponding explanation can also be given for the correlation between Al at Z and PAI at 3,519 cm −1 (Fig. 5d ). This band decreases from oxychromium-dravite to chromo-alumino-povondraite with increasing Z Al according to the substitution (1) and then continues to decrease to oxy-dravite but with decreasing Y Cr according to substitution (2). The occurrence of a negative correlation between Z Mg and the PAI at 3,565 cm −1 (Fig. 5e ) from oxy-chromium-dravite to oxy-dravite can be explained by the substitution (3), (Fig. 5f ) is linked to (OH) band assignment Each of the more frequent local arrangements around the two types of (OH) groups, which occupy the two different crystallographic sites O1 and O3, is expected to produce an absorption band in the FTIR and Raman spectra. As mentioned above, the O1 site is surrounded by three Y cations, whereas the O3 site is surrounded by one Y and two Z cations. In addition, the occupancy of the X site may also affect the absorption band related to O1 (Gonzalez-Carreño et al. 1988) .
In our band assignment model, we assume that the frequency of the (OH) stretching absorption bands is inversely related to the sum of charges of cations, which are coordinated to the (OH) group (e.g., Martìnez-Alonso et al. 2002; Bosi et al. 2012b ). In accordance with Gatta et al. (2014) , we also assume that the where R 3+ is a group of trivalent cations at the Y sites.
Concluding remarks
The fundamental (OH)-stretching bands in IR spectra of tourmalines display pronounced pleochroism (anisotropic intensities) with very strong absorption for spectra polarized along the c-axis (e.g., Gebert and Zemann 1965) owing to the orientation of the (OH) dipoles, which is approximately parallel to the c-axis direction (e.g., Gatta et al. 2014 ). This causes severe problems for the identification of absorption bands related to the O3 site of tourmaline, as it is generally not possible to thin crystals sufficiently to avoid off-scale intensity of these bands. Raman spectra are normally not affected by this problem, but may suffer from fluorescence effects. In this study, we showed that the combination of single-crystal FTIR and Raman spectra collected with E⊥c and E//c (respectively) may provide a useful characterization of the local (OH) environments around the O3 site. Very good correlations were found between the obtained PAI at 3,519 and 3,565 cm −1 derived from short-range information and the site populations derived from long-range information (i.e., SREF and EMPA). For the system oxy-dravitechromo-alumino-povondraite-oxy-chromium-dravite, the band at 3,519 cm −1 was shown to be associated with 
